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advances in ecology and evolution
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2Marine Biology and Ecology Research Centre, School of Marine Science and Engineering, Plymouth University,
Drake Circus, Plymouth PL4 8AA, UK1. Introduction
Atmospheric CO2 concentration [CO2] has increased from a pre-industrial
level of approximately 280 ppm to approximately 385 ppm, with further
increases (700–1000 ppm) anticipated by the end of the twenty-first century
[1]. Over the past three decades, changes in [CO2] have increased global average
temperatures (approx. 0.28C decade21 [2]), with much of the additional energy
absorbed by the world’s oceans causing a 0.88C rise in sea surface temperature
over the past century. The rapid uptake of heat energy and CO2 by the ocean
results in a series of concomitant changes in seawater carbonate chemistry,
including reductions in pH and carbonate saturation state, as well as increases
in dissolved CO2 and bicarbonate ions [3]: a phenomenon defined as ocean
acidification. Time-series and survey measurements [4–6] over the past
20 years have shown that surface ocean pH has reduced by 0.1 pH unit relative
to pre-industrial levels, equating to a 26% increase in ocean acidity [3]. Reduc-
tions of 0.4–0.5 pH units are projected to occur by the end of the twenty-first
century [1] and, while atmospheric [CO2] has consistently fluctuated by
100–200 ppm over the past 800 000 years [7], the recent and anticipated rates
of change are unprecedented [8].
Research has shown that ocean acidification and climate warming can inde-
pendently affect many marine organisms in a variety of marine habitats from
tropical to high-latitude ecosystems [9,10]. Our present understanding of the
effects of ocean acidification, however, is reliant on empirical studies developed
to ascertain species-specific responses to forcing. The majority of these studies
report short-term (days, weeks or a few months, see [10]) ‘shock’ responses
that do not incorporate the longer-term potential for species gradual acclimat-
ization (i.e. respond via phenotypic plasticity, see [11]) or adaptation (the
selection of extant genetic variation that moves the average phenotype of a
population towards the fitness peak). In addition, ocean acidification is co-
occurring with other drivers of environmental change (including warming,
eutrophication, hypoxia, eutrophication, pollution [12]), yet the interactive
effects and relative importance of multiple stressors on species physiology,
life history and ecology, as well as species–environment interactions and
ecosystem function remain poorly understood [13–17].
In less than a decade since the influential report on Ocean Acidification
published by the Royal Society [18], our understanding of the direct and
indirect effects of ocean acidification and climate change on biotic systems
has remarkably improved [4,10,19–21]. Nonetheless, the rapid and often
asymmetric growth of this interdisciplinary field has left important knowl-
edge gaps that require urgent attention: (i) what are the effects of ocean
acidification and climate change on species interactions?, (ii) are communities
and their ability to maintain ecosystem functioning resilient to ongoing
global change? (iii) Can organisms’ capacity for phenotypic buffering and
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focus on the following three themes:
(i) Species interactions. While biotic interactions play
a fundamental role in defining change to species dis-
tribution and communities structure [22–24], the
degree to which ocean acidification and climate
change may alter the way in which species interact
with one another is not fully understood. Studies
that have explored species responses to biotic stimuli
and interactions under ocean acidification conditions
using laboratory experiments [25–28]) and field obser-
vations or manipulations around CO2 vents [29–32]
provide some evidence that species interactions and
community dynamics can be fundamentally affected.
(ii) Biotic mediation of ecosystem functioning. Organism–
ecosystem function relations are strongly influenced by
environmental context [13,33–35]. Exposure to ocean
acidification and warming is therefore likely to not
only affect species behaviour [33,36–38] but will also
have profound effects on the mediation of processes
that underpin the important ecosystem functions, such
as biogeochemical cycling of macronutrients [34,39] or
decomposition rates [40] that support the rest of the
food web and, ultimately, the delivery of goods and
services necessary for human well-being [41].
(iii) Capacity for phenotypic buffering and adaptation.Organisms
continuously adjust their physiological status as the
physico-chemical environment around them fluctuates
and changes (‘phenotypic plasticity’, [11,42]), in order to
maintain optimal levels of energy production, funda-
mental to sustain cell repair, growth and reproductive
investments [43]. However, plasticity often comes at a
cost [44,45]. When such cost outweighs that of adap-
tation, this should be the favoured mechanism of
response to an environmental change, and local adap-
tation should occur (e.g. [46]). In general, evolutionary
aspects of ocean acidification, alone, and in combination
with other stressors, have largely been overlooked
(notable exceptions on the adaptive responses of marine
microalgae to elevated pCO2 include Collins [47,48], Loh-
beck et al. [49,50] and Tatters et al. [51]). Consequently,
projections of the likely consequences of environmental
change, ignore species’ capacity for phenotypic buffering
and the propensity for adaptation.
This Theme Issue contains nine contributions that consider the
effects of ocean acidification and climate warming, alone and
in combination, on physiological and life-history responses,
biotic interactions, community dynamics and ecosystem func-
tioning over the medium to long term, across multiple
generations, and from natural systems chronically exposed
to elevated pCO2. We review and present new evidence that
supports the importance and challenges of incorporating
long-term acclimatization and naturally adapted populations
and communities. Evidence is presented from field obser-
vations, as well as laboratory and field-based empirical
studies representing a range of phyla and life stages in both
benthic and pelagic habitats, in order to provide a balanced
and wide-ranging summary of how marine organisms may
respond to the ongoing rapid climatic change.
Current understanding of the likely ecological consequen-
ces of warming and ocean acidification is predominantlybased on studies that have focused on calcifying (shell-
forming) organisms, which show a tendency to exhibit strong
sensitivities to ocean acidification [10]. This focus, however,
overlooks the direct and indirect effects of enhanced [CO2] for
non-calcareous taxa that is necessary to build a holistic appreci-
ation of how the effects (negative, neutral and positive) of ocean
acidificationmay be expressed at the biotic assemblage and eco-
system level [52,53]. In the first paper of this Issue, Connell et al.
[54] consider the importance of future atmospheric [CO2] as a
resource, rather than a stressor, for a subdominant species of
mat-forming algae. They show that enhanced [CO2] has the
potential to influence the competitive abilities of these species
following an increase in resource availability that, in turn,
causes shifts in species dominance and community structure
that affect long-term ecosystem persistence and stability.
Such extended effects of ocean acidification are particularly
challenging to incorporate in empirical investigations. In the
second contribution to this issue, Russell et al. [55] introduce
the importance of longer-term species acclimatization for dis-
tinguishing the confounding effects of exposure length from
the effects of being held in an artificial environment over pro-
longed time periods. They show that primary producers (algal
biofilm) and consumers (Littorina littorea) are likely to respond
differently to one another under increasing [CO2] and warming
and that species acclimatization is fundamental if trophic shifts
in response to changing species metabolic demands are to be
avoided. In highlighting the potential for organisms to acclimat-
ize to altered climate conditions, the authors emphasize the
importance of such longer-termprocesseswhen predicting com-
plex species and environmental responses to climate change. As
the duration of experiments is extended, however, other long-
term processes become increasingly important. In the longest
empirical study to-date Godbold & Solan [56] demonstrate that
the effects of warming and acidification on growth and behav-
iour of the ragworm Alitta virens change over time and, in turn,
have significant consequences for ecosystem functioning (sedi-
ment nutrient generation). The authors argue that species
responses to ocean acidification are intimately linked to seasonal
variation in environmental conditions (e.g. temperature and
photoperiod), such that the long-term effects of climatic forcing
may be buffered, or exacerbated, at different times of the
annual cycle. Hence, the natural variability of environmental
and climatic stressors needs to be incorporated and accounted
for in future studies if we are to reduce uncertainty in predicting
the ecological consequences of climate change. This will have
significant implications for the management and conservation
of marine ecosystems.
The importance of species–environment interactions is
considered in more detail by Laverock et al. [57], who show
that ocean acidification has the potential to significantly
modify the relationship between benthic macroinfauna (here,
the burrowing shrimp Upogebia deltaura) and ammonia-
oxidizing microorganisms inhabiting burrow walls. They
show that under low pH conditions, ammonia oxidation associ-
ated with burrow walls significantly reduces and that ocean
acidification has the potential to negate the positive impact
that shrimp bioturbation otherwise has on microbial nitrogen
cycling. Such changes in bioturbated sediments are likely to
have significant impacts on the coupling of bentho-pelagic
nitrogen cycling, a process of fundamental importance for the
rest of the food web. Species behaviour and interactions (e.g.
foraging, reproduction, predator avoidance) in many aquatic
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tely change population dynamics and community structure.
Leduc et al. [58] critically review the effect of acidification
on olfaction-mediated behavior in marine and freshwater
organisms, showing that the mechanisms of sensitivity in
marine and freshwater species differ greatly. In marine species
olfactory-mediated behavioural impairments are caused by
the effects of elevated CO2 on brain neurophysiology, whilst
in freshwater fish the same impairments occur as a result
of the degradation of chemosensory molecules as well as
overall reduced olfactory sensitivity. The authors argue that
ecosystem-specific response mechanisms need be considered
before effective management and conservation strategies can
be implemented.
Biological responses to ocean acidification have been
shown to be highly species-specific and often idiosyncratic
[10,21,59,60]. However, to-date no multispecies study has
investigated a biological response to ocean acidification
accounting for species evolutionary history and ecology.
Byrne et al. [61] characterize the stunting effect of ocean acidifi-
cation on the arm growth response of echinoplutei larvae of
15 species of sea urchin fromdifferent climatic regions (tropical,
temperate, polar) and with different bathymetric distributions
(intertidal and subtidal). Although they show reduced larval
arm growth in all species investigated, species from different
climatic regions varied in their sensitivity to ocean acidification.
In polar and subtidal species arm growth is mainly affected by
pCO2, whilst in tropical species it was mainly affected by
decreased carbonate saturation status. Variation in the sensi-
tivity of larvae from different climatic regions may therefore
lead to asymmetrical changes in sea urchin recruitment and
subsequently alterations and shifts in species geographical
ranges and changes in assemblage structure and dynamics.
Phenotypic plastic responseswill play amajor role in defin-
ing species resilience to ongoing environmental change [12,62].
However, towhat extent phenotypic buffering can help species
to compensate for the negative effect of ocean acidification,
and whether adaptation is possible and should be favoured
(particularly in metazoans) is still to be firmly established
(cf. [46,63]). Using in situ transplantation experiments of non-
calcifying polychaetes from the CO2 vent of Ischia (Italy),
Calosi et al. [64] provide evidence that both adaptation (gene-
tic and physiological) and phenotypic plasticity are viable
strategies to persist under elevated pCO2; species overall show-
ing elevated levels of metabolic control. Other species found
only outside the CO2 vent showed a marked departure from
their ‘original’ metabolism under elevated pCO2 conditions.
These differences in metabolic control likely explain the distri-
bution of polychaetes around the CO2 vent, shedding light on
how alteration in energetics may have caused species
extinction during climate change events.
Marine microorganisms that drive many global ocean
processes (e.g. oxygen production, primary productivity and
biogeochemical cycling) are able to adapt to ocean acidification
[49]. However, understanding of whether these organisms are
also able to adapt to the combined changes in pCO2 and temp-
erature is still lacking. Benner et al. [65] consider this issue
using over 703 cultured generations of the coccolithophore
Emiliania huxleyi. They show that long-term acclimatization or
adaptation to warm and acidified conditions could change
or even reverse the negative calcification responses observed in
short-term studies, and thus alter feedbacks to the global
carbon cycle.Moreover, for the first time, they show that changesin whole-organism phenotypic responses are accompanied by
changes in the expression of genes related to intracellular regu-
latory processes rather than genes thought to be essential for
calcification. Therefore observed increases in energetic costs
are more likely linked to cell homeostasis rather than calcifica-
tion as previously thought. Furthermore, even if organisms
will be able to adapt to ocean acidification and warming,
species-specific competitiveness might be modified. In the
final paper of this issue, Tatters et al. [66] study the competitive-
ness of natural diatom communities incubated under future
environmental conditions for two weeks, after which the domi-
nant species were isolated and then incubated again for over a
year before recombining the now conditioned species to recon-
struct the original community. Inter-specific competition was
found to be similar in both the unconditioned natural and the
conditioned artificial community, suggesting that for diatom
communities, short-term manipulative experiments may be
used to predict the effects of long-term environmental forcing
on community structure. Although both pCO2 and temperature
were found to affect community structure, elevated temperature
was the main driver of change for reducing species richness in
this study.2. Conclusion
Ocean acidification and ocean warming are predicted to have
substantial impacts not only on marine biodiversity [4,9,10] but
also on ecosystem functioning and service provision [41,67].
Whilst much has been learned in the past decade about the
potential implications of climate change on marine organisms
and ecosystems, substantial knowledge gaps still exist.
In this issue, we have identified and addressed three major
knowledge gaps of the organismal, ecological and ecosystem
consequences of ocean acidification and ocean warming:
(i) species interactions, (ii) bioticmediationof ecosystemfunction-
ing and (iii) capacity for phenotypic buffering and adaptation.
It has become clear that future empirical studies will
need to incorporate longer incubation periods that allow to
incorporate seasonal environmental processes, and, where
possible, multiple generations, to enable organisms to fully
express their phenotypic plasticity, as drawing conclusions
based onlyon short-term exposuresmayover- or underestimate
the consequences of future climate change. Combining results
from laboratory studies with manipulative or observational
studies conducted at naturally elevated pCO2 sites will provide
a more holistic view of the consequences environmental
change. In addition, it is of fundamental importance that we
refocus the current ‘single stressor’ focus to studies investigating
the combined effects of multiple environmental and anthropo-
genic drivers (e.g. elevated temperature, pCO2, pollution,
overexploitation) in order to establish generality of the effects
that complex interactions between drivers of change may
have for organisms and ecosystems (see also [68]). In addition,
this special issue highlights the importance of considering the
capacity of organisms for phenotypic buffering and evolution-
ary adaptation in future predictions on community structure
and ecosystem function, including the use of gene expression
profiling, which will help to better understand the mechanisms
underpinning organisms’ responses to global change.
The contributions and recommendations in this issue sub-
stantially advance our knowledge of the likely organism and
ecosystem consequences of ocean acidification and warming
rstb.royalsociety
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important for the development and implementation of
management and conservation strategies.
Acknowledgements. We are grateful to all authors who have contributed
their work to this special issue. We also wish to thank H. Eaton,R. Milne and team from the Philosophical Transaction of the Royal
Society of London B Editorial Office for their help and support. J.A.G.
and P.C. acknowledge the support of the UKOA research Pro-
gramme, and P.C. the EU FP7 MedSeA Project. This article is a
contribution to the NERC Benthic Consortium Grant ‘Impacts of
ocean acidification on key benthic ecosystems, communities, habitats,
species and life cycles’ and MedSeA Project Work Package 4.publishing.oReferences rg
PhilTransR
SocB
368:201204481. IPCC (Intergovernmental Panel on Climate Change).
2007 Climate change 2007: the physical science
basis. In Contribution of Working Group I to the
Fourth Assessment Report of the Intergovernmental
Panel on Climate Change (eds S Solomon, D Qin, M
Manning, Z Chen, M Marquis, KB Averyt, M Tignor,
HL Miller). Cambridge, UK: Cambridge University
Press.
2. Hansen J, Sato M, Ruedy R, Lo K, Lea DW, Medina-
Elizade M. 2006 Global temperature change. Proc.
Natl Acad. Sci. USA 103, 14 288–14 293. (doi:10.
1073/pnas.0606291103)
3. Doney SC. 2010 The growing human footprint on
coastal and open-ocean biogeochemistry. Science
328, 1512–1516. (doi:10.1126/science.1185198)
4. Byrne RH, Mecking S, Feely RA, Liu X. 2010 Direct
observations of basin-wide acidification of the North
Pacific Ocean. Geophys. Res. Lett. 37, L02601.
(doi:10.1029/2009GL040999)
5. Wootton JT, Pfister CA, Forester JD. 2008 Dynamic
patterns and ecological impacts of declining ocean
pH in a high-resolution multi-year dataset. Proc.
Natl Acad. Sci. USA 105, 18 848–18 853. (doi:10.
1073/pnas.0810079105)
6. Dore JE, Lukas R, Sadler DW, Church MJ, Karl DM.
2009 Physical and biogeochemical modulation of
ocean acidification in the central North Pacific. Proc.
Natl Acad. Sci. USA 106, 12 235–12 240. (doi:10.
1073/pnas.0906044106)
7. Lu¨thi D et al. 2009 High-resolution carbon dioxide
concentration record 650,000–800,000 years before
present. Nature 453, 379–382. (doi:10.1038/
nature06949)
8. Caldeira K, Wickett ME. 2003 Anthropogenic carbon
and ocean pH. Nature 425, 365. (doi:10.1038/
425365a)
9. Walther GR, Post E, Convey P, Menzel A, Parmesan
C, Beebee TJC, Fromentin JM, Hoegh-Guldberg O,
Bairlein F. 2002 Ecological responses to recent
climate change. Nature 416, 389–395. (doi:10.
1038/416389a)
10. Kroeker KJ, Kordas RL, Crim R, Hendriks IE, Ramajo
L, Singh GS, Duarte CM, Gattuso J-P. 2013 Impacts
of ocean acidification on marine organisms:
quantifying sensitivities and interaction with
warming. Glob. Change Biol. 19, 1884–1896.
(doi:10.1111/gcb.12179)
11. Ghalambor CK, McKay JK, Carroll SP, Reznick DN. 2007
Adaptive versus non-adaptive phenotypic plasticity and
the potential for contemporary adaptation in new
environments. Funct. Ecol. 21, 394–407. (doi:10.1111/
j.1365-2435.2007.01283.x)12. Halpern BS et al. 2008 A global map of human
impact on marine ecosystems. Science 319,
948–952. (doi:10.1126/science.1149345)
13. Godbold JA, Solan M. 2009 Relative importance of
biodiversity and the abiotic environment in
mediating an ecosystem process. Mar. Ecol. Prog.
Ser. 396, 273–282. (doi:10.3354/meps08401)
14. Melatunan S, Calosi P, Rundle SD, Moody JA,
Widdicombe S. 2011 Exposure to elevated
temperature and pCO2 reduces respiration rate
and energy status in the periwinkle Littorina
littorea. Physiol. Biochem. Zool. 84, 583–594.
(doi:10.1086/662680)
15. Melatunan S, Calosi P, Rundle SD, Widdicombe S,
Moody JA. 2013 The effects of ocean acidification
and elevated temperature on shell plasticity and its
energetic basis in an intertidal gastropod. Mar. Ecol.
Prog. Ser. 472, 155–168. (doi:10.3354/meps10046)
16. Dupont S, Po¨rtner H. 2013 Marine science: get
ready for ocean acidification. Nature 498, 429.
(doi:10.1038/498429a)
17. Harvey BP, Gwynn-Jones D, Moore PJ. 2013 Meta-
analysis reveals complex marine biological responses
to the interactive effects of ocean acidification and
warming. Ecol. Evol. 3, 1016–1030. (doi:10.1002/
ece3.516)
18. Raven J, Caldeira K, Elderfield H, Hoegh-Guldberg O,
Liss P, Riebesell U, Shepherd J, Turley C, Watson A.
2005 Ocean acidification due to increasing
atmospheric carbon dioxide. The Royal Society policy
document 12.05. Cardiff, UK: Clyvedon Press.
19. Po¨rtner HO. 2008 Ecosystem effects of ocean
acidification in times of ocean warming: a
physiologist’s view. Mar. Ecol. Prog. Ser. 373,
203–217. (doi:10.3354/meps07768)
20. Widdicombe S, Spicer JI. 2008 Predicting the
impact of ocean acidification on benthic
biodiversity: what can animal physiology tell us?
J. Exp. Mar. Biol. Ecol. 366, 187–197. (doi:10.1016/
j.jembe.2008.07.024)
21. Kroeker KJ, Kordas RL, Crim RN, Singh GG. 2010
Meta-analysis reveals negative yet variable effects of
ocean acidification on marine organisms. Ecol. Lett.
13, 1419–1434. (doi:10.1111/j.1461-0248.2010.
01518.x)
22. Gaston KJ. 2003 The structure and dynamics of
geographic ranges. New York, NY: Oxford University
Press.
23. Hill JK, Thomas CD, Huntley B. 1999 Climate and
habitat availability determine 20th century changes
in a butterfly’s range margin. Proc. R. Soc. Lond. B
266, 1197–1206. (doi:10.1098/rspb.1999.0763)24. Sunday JM, Bates AE, Dulvy NK. 2012 Thermal
tolerance and the global redistribution of animals.
Nat. Clim. Change 2, 686–690.
25. Bibby R, Cleall-Harding P, Rundle S, Widdicombe S,
Spicer J. 2007 Ocean acidification disrupts induced
defences in the intertidal gastropod Littorina
littorea. Biol. Lett. 3, 699–701. (doi:10.1098/rsbl.
2007.0457)
26. Landes A, Zimmer M. 2012 Acidification and
warming affect both a calcifying predator and prey,
but not their interaction. Mar. Ecol. Prog. Ser. 450,
1–10. (doi:10.3354/meps09666)
27. Munday PL, Dixson DL, Donelson JM, Jones GP,
Pratchett MS, Devitsina GV, Døving KB. 2009 Ocean
acidification impairs olfactory discrimination and
homing ability of a marine fish. Proc. Natl Acad. Sci.
USA 106, 1848–1852. (doi:10.1073/pnas.
0809996106)
28. Briffa M, de la Haye K, Munday PL. 2012 High CO2
and marine animal behaviour: potential
mechanisms and ecological consequences. Mar. Poll.
Bull. 64, 1519–1528. (doi:10.1016/j.marpolbul.
2012.05.032)
29. Kroeker KJ, Micheli F, Gambi MC. 2012 Ocean
acidification causes ecosystem shifts via altered
competitive interactions. Nat. Clim. Change 3,
156–159. (doi:10.1038/nclimate1680)
30. Kroeker KJ, Gambi MC, Micheli F. 2013
Community dynamics and ecosystem simplification
in a high-CO2 ocean. Proc. Natl Acad. Sci. USA
110, 12 721–12 726. (doi:10.1073/pnas.
1216464110)
31. Johnson V. 2012 A study of marine benthic algae
along a natural carbon dioxide gradient, p. 274.
Plymouth, UK: Plymouth University, Marine Biology
and Ecology Research Centre.
32. Calosi P, Rastrick SPS, Graziano M, Thomas SC,
Baggini C, Carter HA, Hall-Spencer JM, Milazzo M,
Spicer JI. 2013 Distribution of sea urchins living near
shallow water CO2 vents is dependent upon species
acid–base and ion-regulatory abilities. Mar. Pollut.
Bull. (Special Issue on CO2 Vents and CCS Leakages).
(doi:10.1016/j.marpolbul.2012.11.040)
33. Bulling MT, Hicks N, Murray L, Paterson DM,
Raffaelli D, White PCL, Solan M. 2010 Marine
biodiversity-ecosystem functions under uncertain
environmental futures. Phil. Trans. R. Soc. B 365,
2107–2116. (doi:10.1098/rstb.2010.0022)
34. Godbold JA, Bulling MT, Solan M. 2011 Habitat
structure mediates biodiversity effects on ecosystem







 on August 26, 2013rstb.royalsocietypublishing.orgDownloaded from 35. Sanz-Lazaro C, Valdemarsen T, Marin A, Holmer M.
2011 Effect of temperature on biogeochemistry of
marine organic-enriched systems: implications in a
global warming scenario. Ecol. Appl. 21,
2664–2677. (doi:10.1890/10-2219.1) Accession
Number WOS:00029613 9200025.
36. Dashfield SL, Somerfield PJ, Widdicombe S, Austen
MC, Nimmo M. 2008 Impacts of ocean acidification
and burrowing urchins on within-sediment pH
profiles and subtidal nematode communities. J. Exp.
Mar. Biol. Ecol. 365, 46–52. (doi:10.1016/j.jembe.
2008.07.039)
37. Hicks N, Bulling MT, Solan M, Raffaelli D, White
PCL, Paterson DM. 2011 Impact of biodiversity-
climate futures on primary production and
metabolism in a model benthic estuarine system.
BMC Ecol. 11, 7. (doi:10.1186/1472-6785-11-7)
38. Donohue P, Calosi P, Bates A, Laverock AH, Rastrick
SPS, Mark FC, Stroble A, Widdicombe S. 2012
Physiological and behavioural impacts of exposure
to elevated pCO2 on an important ecosystem
engineer, the burrowing shrimp Upogebia deltaura.
Aquat. Biol. 15, 73–86. (doi:10.3354/ab00408)
39. Laverock B, Smith CJ, Tait K, Osborn AM,
Widdicombe S, Gilbert JA. 2010 Bioturbating shrimp
alter the structure and diversity of bacterial
communities in coastal marine sediments. ISME J. 4,
1531–1545. (doi:10.1038/ismej.2010.86)
40. Godbold JA, Solan M, Killham K. 2009 Consumer
species richness and identity effects on marine
macroalgal decomposition. Oikos 118, 77–86.
(doi:10.1111/j.1600-0706.2008.17072.x)
41. Lotze HK et al. 2006 Depletion, degradation, and
recovery potential of estuaries and coastal seas.
Science 312, 1806–1809. (doi:10.1126/science.
1128035)
42. Somero GN, Hochachka PW. 2002 Biochemical
adaptation : mechanism and process in physiological
evolution. New York, NY: Oxford University Press.
43. Sibly RM, Calow P. 1986 Physiological ecology of
animals: an evolutionary approach. Hong Kong:
Blackwell Scientific Publications.
44. Hoffmann AA, Sgro CM, Lawler SH. 1995
Ecological population genetics: the interface
between genes and the environment. Ann. Rev.
Gen. 29, 349–370. (doi:10.1146/annurev.genet.
29.1.349)
45. DeWitt TJ, Sih A, Wilson DS. 1998 Costs and limits
of phenotypic plasticity. Trends in Ecology and
Evolution 13, 77–81. (doi:10.1016/S0169-
5347(97)01274-3)
46. Pespeni MH, Barney BT, Palumbi SR. 2013
Differences in the regulation of growth and
biomineralization genes revealed through long-termcommon-garden acclimation and experimental
genomics in the purple sea urchin. Evolution 67,
1901–1914. (doi:10.1111/evo.12036)
47. Collins S. 2012 Marine microbiology: evolution on
acid. Nat. Geosci. 5, 310–311. (doi:10.1038/
ngeo1461)
48. Collins S. 2013 New model systems for experimental
evolution. Evolution 67, 1847–1848. (doi:10.1111/
evo.12116)
49. Lohbeck KT, Riebesell U, Reusch TBH. 2012 Adaptive
evolution of a key phytoplankton species to ocean
acidification. Nat. Geosci. 5, 346–351. (doi:10.1038/
ngeo1441)
50. Lohbeck KT, Riebesell U, Collins S, Reusch TBH. 2013
Functional genetic divergence in high CO2
adapted Emiliania huxleyi populations. Evolution
67, 1892–1900. (doi:10.1111/j.1558-5646.2012.
01812.x)
51. Tatters AO, Schnetzer A, Fu F, Lie AYA, Caron DA,
Hutchins DA. 2013 Short- versus long-term
responses to changing CO2 in a coastal
dinoflagellate bloom: implications for interspecific
competitive interactions and community structure.
Evolution 67, 1879–1891. (doi:10.1111/evo.12029)
52. Hale R, Calosi P, McNeill L, Mieszkowska N,
Widdicombe S. 2011 Predicted levels of future
ocean acidification and temperature rise could alter
community structure and biodiversity in marine
benthic communities. Oikos 120, 661–674. (doi:10.
1111/j.1600-0706.2010.19469.x)
53. Christen N, Calosi P, McNeill CL, Widdicombe S.
2013 Structural and functional vulnerability to
elevated pCO2 in marine benthic communities. Mar.
Biol. (doi:10.1007/s00227-012-2097-0)
54. Connell SD, Kroecker KJ, Fabricius KE,
Kline DI, Russell BD. 2013 The other ocean
acidification problem: CO2 as a resource among
competitors for ecosystem dominance. Phil.
Trans. R. Soc. B 368, 20120442. (doi:10.1098/
rstb.2012.0442)
55. Russell BD, Connell SD, Findlay HS, Tait K,
Widdicombe S, Mieszkowska N. 2013 Ocean
acidification and rising temperatures may increase
biofilm primary productivity but decrease grazer
consumption. Phil. Trans. R. Soc. B 368, 20120438.
(doi:10.1098/rstb.2012.0438)
56. Godbold JA, Solan M. 2013 Long-term effects of
warming and ocean acidification are modified by
seasonal variation in species responses and
environmental conditions. Phil. Trans. R. Soc. B 368,
20130186. (doi:10.1098/rstb.2013.0186)
57. Laverock B, Kitidis V, Tait K, Gilbert JA, Osborn AM,
Widdicombe S. 2013 Bioturbation determines the
response of benthic ammonia-oxidizingmicroorganisms to ocean acidification. Phil. Trans. R.
Soc. B 368, 20120441. (doi:10.1098/rstb.2012.0441)
58. Leduc AOHC, Munday PL, Brown GE, Ferrari MCO.
2013 Effects of acidification on olfactory-mediated
behaviour in freshwater and marine ecosystems:
a synthesis. Phil. Trans. R. Soc. B 368, 20120447.
(doi:10.1098/rstb.2012.0447)
59. Dupont S, Ortega-Martı´nez O, Thorndyke M. 2010
Impact of near-future ocean acidification on
echinoderms. Ecotoxicology 19, 449–462. (doi:10.
1007/s10646-010-0463-6)
60. Hendriks IE, Duarte CM, A´lvarez M. 2010 Vulnerability
of marine biodiversity to ocean acidification: a meta-
analysis. Estuarine, Coastal Shelf Sci. 86, 157–164.
(doi:10.1016/j.ecss.2009.11.022)
61. Byrne M, Lamare M, Winter D, Dworjanyn SA,
Uthicke S. 2013 The stunting effect of a high CO2
ocean on calcification and development in sea
urchin larvae, a synthesis from the tropics to
the poles. Phil. Trans. R. Soc. B 368, 20120439.
(doi:10.1098/rstb.2012.0439)
62. Miller GM, Watson S-A, Donelson JM, McCormick
MI, Munday PL. 2012 Parental environment
mediates impacts of increased carbon dioxide on a
coral reef fish. Nat. Clim. Change 2, 858–861.
(doi:10.1038/nclimate1599)
63. Kelly MW, Hofmann GE. 2012 Adaptation and
the physiology of ocean acidification. Funct. Ecol.
27, 980–990. (doi:10.1111/j.1365-2435.2012.
02061.x)
64. Calosi P et al. 2013 Adaptation and acclimatization
to ocean acidification in marine ectotherms: an
in situ transplant experiment with polychaetes at a
shallow CO2 vent system. Phil. Trans. R. Soc. B 368,
20120444. (doi:10.1098/rstb.2012.0444)
65. Benner I, Diner RE, Lefebvre SC, Li D, Komada T,
Carpenter EJ, Stillman JH. 2013 Emiliania huxleyi
increases calcification but not expression of
calcification-related genes in long-term exposure to
elevated temperature and pCO2. Phil. Trans. R. Soc.
B 368, 20130049. (doi:10.1098/rstb.2013.0049)
66. Tatters A et al. 2013 Short- and long-term
conditioning of a temperate marine diatom
community to acidification and warming. Phil.
Trans. R. Soc. B 368, 20120437. (doi:10.1098/rstb.
2012.0437)
67. Ruckelshaus M et al. 2013 Securing ocean benefits
for society in the face of climate change. Mar.
policy 40, 154–159. (doi:10.1016/j.marpol.2013.
01.009)
68. Todgham AE, Stillman JH. 2013 Physiological
responses to shifts in multiple environmental
stressors: relevance in a changing world. Integr.
Comp. Biol. (doi:10.1093/icb/ict1086)
